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TABLE IV
SLEW-CONSTRAINED BUFFERINGWITH PRUNING BASED ON � �� � � , CWB. #S@DR: THE NUMBER

OF NONDOMINATED SOLUTIONS AT DRIVER. AREA SAVING IS OBTAINED COMPARING TO SB

the slew constraint. In VGL� S, range search tree pruning is
implemented as in [4]. We make the following observations.

1) The number of buffers decreases, and the area decreases
for both algorithms as the slew constraint loosens. This
makes sense since a looser constraint means that buffers
can be spaced further apart.

2) SB is more efÞcient in area. For example, with a 1.0-ns
slew constraint, the area savings is 5.6% compared to
VGL� S.

3) The slew buffering algorithm SB is much more efÞcient.
Despite considering all 48 buffers in the library, it runs
in just a few seconds on 1000 nets. Furthermore, it runs
over 88 times faster than the timing buffering algorithm
for slew constraint� � � �
 . The main reason for this fact
is that there is a signiÞcantly smaller set of nondominated
solutions in slew buffering than in timing buffering. For
example, when� � � �
 , we have only 13 solutions per
net in the slew buffering, whereas there are 299 in the
slew-constrained timing buffering. This is caused by the
fact that slew gets to be reset to zero whenever a buffer is
inserted, whereas delay has to be propagated up the entire
tree. In practice, the runtime is virtually linear.

4) For a slew constraint equal to 1 ns, we present a logÐlog
[log(number of buffer positions) versus log(CPU time)]
plot in Fig. 12, where the best linear Þt to the data points is
also shown. The slope of the linear Þt is 1.02. Therefore,
the runtime of SB almost linearly depends on the number
of buffer positions.

5) Comparing slack at driver (cf. slack degradation ratio in
Table III), one sees that slew buffering achieves signiÞ-
cant improvement in runtime with only slight sacriÞce in
slack. Note that slack here refers to the sum of slacks over
all nets.

It is worth mentioning that the range search tree pruning tech-
nique, when incorporated into SB, slows down the algorithm
as indicated by our experiment. For example, when the slew
constraint is 1.0, SB with range search tree returns the solution
in 49.8 s compared to 6.2 s by the one without it. This fact is due
to the considerable amount of inherent overhead in maintaining
the balanced range search tree data structure.

It is interesting to investigate the following CWB buffering
algorithm. In CWB, the pruning condition is based only on
� �� � � but not on � or � . However, � is still maintained
throughout solution propagation for checking whether slew
constraint is violated. Compared to VGL� S and SB, CWB

TABLE V
COMPARISON OFSB AND VGL� S� PSP (VGL� S INCORPORATED
WITH PREBUFFERSLACK PRUNING [6]). SPEEDUPREFERS TO THE

RUNTIME DIFFERENCEBETWEEN SB AND VGL� S� PSP

should certainly run faster since fewer solutions need to be
maintained in solution propagation. It is interesting to inves-
tigate the solution quality degradation by CWB. The results are
summarized in Table IV. Comparing Tables III and IV, one
can see that CWB is worse than VGL� S in area. This makes
sense by noting the following facts. It is true that both VGL� S
and CWB may prune solutions, which are actually superior in
slew. However, VGL� S maintains much more solutions than
CWB, and there are some correlations between delay� and
slew � ; thus, VGL� S should have larger potential to keep
those solutions that are superior in slew. As a result, VGL� S
outperforms CWB from about 1% to 5% in buffer area.

It is known that van Ginneken/Lillis�� ��� Õs algorithm is
not the most efÞcient buffering algorithm to handle buffer cost
minimization. Several improvements exist. In this paper, we
incorporate the PSP technique proposed in [6] into VGL� S
to investigate the performance of SB when compared to one
of the state-of-the-art buffering approaches. The results are
summarized in Table V. As one can see from Table V, SB runs
much faster than VGL� S� PSP.

To investigate the scalability of the proposed slew buffering
algorithm, experiments on a set of 100 large-degree nets are
performed. The number of sinks for these test cases ranges from
105 to 948. As before, we compare SB to VGL� S� PSP, and
the results are summarized in Table VI. One sees that SB can
still run much faster than VGL� S� PSP while saving areas.
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Results of SB� NI are summarized in Table VII. Area saving
here refers to comparison to discrete slew buffering with Þxed
input slew, i.e., SB. We observe the following.

1) SB� NI can save up to 21.9% area over SB. In SB� NI,
the number of input slew bins to each buffer is 21. For
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TABLE IX
HANDLING BLOCKAGE. EACH NET HAS 30% BLOCKAGE AREA. AREA SAVING IS OBTAINED BY COMPARING TO SB

TABLE X
CBB. ONLY A SINGLE TYPICAL BUFFER IS USED.

AREA SAVING IS OBTAINED BY COMPARING TO SB

It is interesting to see that timing buffering tends to have
more computation overhead than slew buffering when buffer
blockages are handled. We would like to interpret this phenom-
enon as follows. VGL+S is very sensitive to buffer positions in
terms of runtime since a new buffer position may lead to many
new nondominated solutions (see Section IV-B2). However,
in slew buffering, a new buffer position can only lead to 
B

new solutions as discussed in Section IV-B2. In fact, the slew
buffering algorithm runs almost linear in the number of buffer
positions, as indicated by Fig. 12. Thus, slew buffering is less
sensitive to the buffer blockage insertion in terms of runtime.

F. Comparison With CBB

Finally, we compare SB with CBB [11], [12]. As in practice,
a typical buffer is selected for running CBB. As such, we
calculate for each buffer bi the longest wire length li it can drive
such that the slew constraint is satisfied. The typical buffer is the
one with the maximum li/A(bi) value, whereA(bi) is the buffer
area of bi. The data in Table X (cf. Table III) demonstrate that
SB significantly outperforms CBB in our context: the total area
of solutions by CBB is usually more than double that of SB.
The area of CBB is much worse because only a single buffer
is used, CBB ignores the resistive effect, and multipin nets are
not well handled in CBB. Note that CBB runs in less time since
only a single buffer is used in computation.

VII. CONCLUSION

This paper proposes a new buffering formulation motivated
by the need to efficiently buffer huge numbers of nets under
slew constraints. We show that one can optimize for area and
satisfy a slew constraint efficiently, despite the problem being
NP-hard.

The slew buffering problem is intensively studied in this
paper. Three new algorithms are proposed, namely, a slew
buffering algorithm with the assumption of a fixed input slew,

a more sophisticated algorithm without this assumption, and
a very efficient continuous slew buffering algorithm. Exper-
imental results demonstrate that new algorithms run one to
two orders-of-magnitude faster than the widely used timing
buffering algorithm, and, meanwhile, they can obtain signifi-
cant amount of area saving. Future work seeks to incorporate
our results into a physical synthesis flow. It is also interesting
to design a new slew buffering method, which may obtain
buffering solutions with quality close to the slew buffering
without input slew assumptions and with runtime close to the
slew buffering with the fixed input slew assumption.
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